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論 文 内 容 の 要 旨 
 
Chapter 1: Introduction 
Molecular imaging (MI) is the visualization, characterization, and measurement of biological 
processes at the molecular and cellular levels in humans and other living systems. Using MI 
instruments,  such as PET, SPECT, MRI, PET-CT, SPECT-CT, PET-MRI, Ultrasound, NIRS, 
etc. MI researchers and clinicians visualize and investigate complex biological phenomena at 
molecular and cellular levels. These instruments are used solely or in combination with 
targeted imaging agents to detect biomarkers or biochemical and cellular processes targeting 
to obtain high sensitivity, specificity and signal-to-noise ratio imaging of disease. Molecular 
images of kidney acquired using PET, SPECT, MRI and USG are playing a vital role in 
research, diagnosis and management of kidney disease. Despite the enormous opportunities of 
molecular imaging of kidney with these noninvasive techniques, none of them can be a stand 
alone imaging tool in kidney imaging because each of them have some advantages and 
limitations. Although among them PET has a wide range of potentiality in kindy imaging 
nevertheless, one of the hurdles to make successful application of these molecular imaging 
techniques in kidney imaging is to develop faster, robust and automated image analysis system. 
Since, image analysis system namely, statistical mapping, has widely been used for both 
clinical and research applications in molecular brain imaging, we have set up our goal for the 
evolutionary approach to develop statistical map for molecular imaging of kidney so that it can 
be used with different kinds of MI modalities especially with PET, MRI and SPECT. 
 
Chapter 2: MRI and PET 
Among the numerous MI modalities our study usages PET and MRI, where MRI is used to 
obtain the anatomical image from one of the healthy controls to be used as the reference and/or 
template image whereas PET has been used to gather molecular images which are the center 
of attention of the study. Therefore, this chapter introduces MRI in brief and PET in details.  
An MRI scanner typically incorporated of a set of coils: one is the magnetic gradient coils and 
the other is the RF (radio frequency) coils. The gradient coils, which generates the main 




dimension (x,y,z) to localize the source of the MR signal. The RF coils used to alter the 
alignment of the magnetic dipoles from equilibrium by generating an RF pulse and afterwards 
tripped dipoles undergo two modes of relaxation back towards equilibrium known as T1 
(longitudinal or spin-lattice) relaxation and T2 (transverse or spin-spin) relaxation. The time 
required for these relaxation varies among tissues and this property is used to generate the 
contrast between different tissues in MR imaging. MRI has poor sensitivity (∼10−3-10−5 M), 
which is orders of magnitude lower than that of radionuclide (10−10-10−12) and optical (∼10−9-
10−16) imaging.   
In a PET scan, the radiolabeled compound is injected intravenously into the subject. The 
position of the radioisotope in the body reflects the distribution of the radioisotopes. Using a 
PET scanner it can be determined by detecting the photons emitted during the annihilation of 
positrons emitted from radionuclide with nearby electrons. Each 511 keV gamma-ray emitted 
is detected by the gamma detectors, which then converts the gamma rays into light photons. 
The light photon is converted into electrons, which then pass through a photomultiplier tube 
(PMT) or semiconductor-based photodiodes, where the signal gets amplified and converted into 
electrical signals. The electrical signals from each detected event are recorded by the PET 
scanners, in terms of time of acquisition, the energy of each detected photons and the angular 
and linear positions of detecting an event. A time window is set on the PET scanner to identify 
coincidence events. All the coincidence events detected by the PET scanner are stored into 
sinogram data after the PET scan with the user-defined time window. Sinogram data are then 
reconstructed into PET image. 
 
Chapter 3: Statistical Map 
Image statistics of molecular image typically takes place at the voxel level which involve the 
development and analysis of a statistic image. Such a statistic image is created through 
statistical finding of the experimental effect of interest at each voxel. For the experiments 
where the prior anatomical hypothesis is absent, the experimental effects must be obtained 
through the assessment of the entire statistic image using a method which takes into account 
the intrinsic multiplicity associated in testing at all voxels concurrently. The general linear 
model (GLM) along with random field theory (RFT),  traditionally has been used to obtain the 
statistic parametric image (map) where the data are assumed to be normally distributed with 
mean parameterized by GLM. A nonparametric alternative based on permutation or 
randomization test theory can be applied when the assumptions of a parametric approach are 
indefensible.This method for generating the statistical map is conceptually simple, which also 
deals multiple comparisons issue, relies only on minimal assumptions. In nonparametric 
settings the data are randomly shuffled, many times, in a manner consistent with the null 
hypothesis. Furthermore, cluster-based thresholding is popular as it is often perceived to be 
more sensitive to finding true signal than voxel-wise thresholding. However,the initial cluster-
forming threshold have limitations like, the arbitrary choice of threshold and spatial 
smoothing introduces instability in the overall processing chain. Therefore, to keep the 
sensitivity benefits of cluster-based thresholding, while avoiding the problems associated with 
the initial cluster-forming threshold, “threshold-free cluster-enhancement” (TFCE) is 
introduced. We incorporated threshold-free cluster enhancement (TFCE) in the randomise or 
permutation method because TFCE does indeed provide not just improved sensitivity, but 






Chapter 4: Statistical mapping of [15-O] water PET image of kidney 
Tomographic spatial resolution of PET, which is similar to the thickness of the renal cortex, 
along with its efficient attenuation correction, scatter correction and image reconstruction 
process makes it an excellent imaging modality not only for straightforward quantification of 
renal blood flow and glomerular filtration rate but also for quantitative imaging of molecular 
targets. Furthermore, image statistics are frequently used for functional and molecular 
imaging research in which images from a patient group with a specific diagnosis are compared 
with images from a healthy control group who have been matched for demographic variables. 
The success of image statistics for brain imaging has encouraged us to develop a method for 
obtaining volumetrically normalized kidney to perform image statistics so that we can locally 
visualize the statistical significant difference certain groups renal molecular image. 
For the development of this evolutionary process we first volumetrically normalized all 
subjects’, which include healthy control (HC) and chronic renal failure (CRF) patients, [15-O] 
water PET image with respect to one HC subject's MRI image using affine transformation. 
Then [15-O] kinetic parametric images of normalized kidneys were obtained through the basis 
function method. Finally, the statistical map of these parametric images were produced using 
the threshold-free cluster enhancement based permutation method. 
Kinetic parameters of kidney namely, uptake rate constant (K1), clearance rate constant (k2) 
and blood volume (Va), were found to be notably lower in CRF than those in HC and k2 
parameter was found to be more stable compared to K1 and Va. The statistical map of these 
parametric images allowed us to visualize local significant differences statistically (P<0.05) 
between HC and CRF groups in different experimental conditions.  
 
 
Chapter 5: Future direction and conclusion 
Though PET and MRI techniques have enormous potential for functional and molecular 
imaging of kidney, these are, at best, in experimental level. It is speculated that statistical 
mapping of kidney could play a significant role in the success of functional and molecular 
kidney imaging. However, more research involving a larger sample size and improved 
normalization technique will be needed for the robustness of the process. 
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た。すべての統計マップにおいて、CRF のグループは HC のグループに比べ低くなっている領域が多い
ことが見出された。k2 マップは他のマップに比べ安定していることがわかった。これらのパラメトリ
ック画像の統計マップにより、HC グループと CRF グループの間の局所的な有意差を統計的に視覚化す
ることができた。 
第５章では結論と今後の計画に関して述べている。 腎臓の統計的マッピングは、局所の腎臓の機能
評価に重要な役割を果たすことが期待された。本方法は、PET と MRI とだけでなく、他のモダリティに
おいても可能であり、また、腎臓だけでなく、他の臓器にも適用可能である。 
本論文は、はじめて PETによる腎臓の統計マップを示したことで、非常に重要であり、今後の研究の
発展性も高い。よって、本論文は博士（医工学）の学位論文として合格と認める。 
 
